I.Introduction
This paper is devoted to the control of the currentconducting region in a thyristor-like structure. Here, as well as before [1, 2] we refer to TLS as a certain P + npN + structure where two outer layers provide effective injection of their majority carriers into two inner layers (bases). One of the bases (base I) is gated. The gate transfers the controlling current into the base. This current squeezes the current-conducting region (the ON-region in fig. 1 ), and enlarges the OFF-region. The gated base is usually highly conducting in comparison with the second base (base II). In silicon controlled rectifiers (SCRs) [3] , the gate current just turns the TLS on and off, while in lightemitting (LE) and lasing (L) thyristors the gate current can also control (or modulate) light emission [4, 5] . That is why we are interested in characteristics of stationary control of the ON-region (the position of the layer between the ON-and OFF-regions, called the ON/OFF-junction) as well as the speed of the ON/OFF-junction in the TLS.
Our further consideration is based on the fact that the typical structures of LE thyristors [6, 7, 8] Abstract. A stationary wave of switching is considered in an infinite thyristor-like structure (TLS).This wave is initiated by the controlling gate current which differs from a certain equilibrium current J g0 (j) providing a neutrally equilibrium (translationally invariant) position of the transition layer between a blocked (OFF-) region and an open (ON-) region for a given current density j in the ON-region. The dependence of the wave velocity v(J g , j) on the gate current J g and the current density j is derived.We deal with structures in which the conductivity of gated base I is much higher than the conductivity of ungated base II.The injection level is considered low for base I and high for base II. It is shown that the velocity of the switching wave (i.e. the speed of transient processes in TLS) is determined mainly by parameters of base II. It is also demonstrated that a high speed of operation can be reached in structures with a moderately long base II (the length of the base should exceed 1-2 bipolar diffusion lengths) and a small lifetime of carriers in this base.
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Paper received 22.06.98; revised manuscript received 29.07.98; accepted for publication 27.10.98. Fig. 1 . a) Considered thyristor-like stucture (TLS) with b) the distributions of the current density j(y) and c) the electrical potential y(x) in it.
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ÔÊÎ, 1(1), 1998 SQO, 1(1), 1998 usually resist high voltages, therefore the sum of the base widths, w I + w II , is much smaller than the initial length of the ON-region, 2a 0 , for most LE TLSs. Usually the value of w I + w II does not exceed 0.20.3 µm while the initial length of the ON-region is rarely less than 10 µm. Detailed descriptions of the LE and L pnpn-diodes (having different names) with gated either p-or n-bases, are presented in [10] [11] [12] [13] [14] [15] [16] . For such structures the strong inequality 2a 0 >>w I + w II admits regimes with the width of the ON/ OFF-junction which is also much greater than w I + w II . This means that the electrical potential changes quite smoothly along each base. The distribution of nonequilibrium carriers in the bases can be considered as nearly one-dimensional (1D) because the carrier concentrations change much slighter along pn-junction planes than in the perpendicular direction. Such distributions allow us to exploit a quasiadiabatic approach which was demonstrated earlier [1, 2, 9] . This approach assumes that the distribution of nonequilibrium carrier concentration can be represented as a function of x-coordinate and electric potentials of both bases, U I (y) and U II (y). (Here U I is the voltage drop between the anode P+-emitter) and base I, U II is the voltage drop between the anode and base II). This approximation leads to a self-consistent system of two nonlinear differential equations for U I,II (y). This system can be solved numerically [2] or can be reduced to one nonlinear differential equation [1] under the condition
where σ I,II are the longitudinal (in-plane) conductivities of bases I,II.
Here we consider a structure where base I is doped much heavier than base II, so that inequality (1) is satisfied. We also assume low injection level in base I and high injection level in base II. For real asymmetric thyristors, the second assumption is more suitable than the assumption of low injection level in both bases, as was considered before [1, 2, 9] . We also keep assuming that carrier distributions in both bases are functions of the electric potentials, U I,II (y), and of the voltage across the entire structure, U, which does not depend on y-coordinate. This representation for high injection level in base II is valid only if this base is not too long (w II ≤ (3-4)L, where L is the bipolar diffusion length in base II), so that the voltage across the base can be neglected in comparison with the voltage across pn-junctions. Here we consider the problem of the steady-state position of the ON/OFFjunction as well as the nonstationary problem which can be described in the framework of the stationary switching wave approach [17] .
Strictly speaking, the theory of the stationary wave can be applied only if the gate current and current density in the ON-region are time-independent. This condition requires infinitely large values of a and J a . However, we can use this approach to obtain an approximate solution of the nonstationary problem with comparatively slow changes of J g (t), a(t), j(t). These changes lead to a slow change of the velocity, v(t), which should be constant for a strict stationary wave approach.
II. Model and equations. Stationary theory
The gate is attached to the n-base because the mobility of majority carriers (electrons) is much higher than that of holes for A III B V materials we are interested in. We consider low injection level in this base, so that carrier distribution is determined by the linear equation of drift and diffusion of minority carriers. The boundary conditions for this equation are the following:
where ψ I,II = eU I,II /(kT) are the dimensionless electrical potentials of bases I and II; p 0 1 is the equilibrium concentration of holes in base I at the P+n-junction (jct.1, x = 0). To derive Eq. (3) we have to use the condition of conservation of quasi Fermi-levels in the inner np-junction (jct.2): np = const, i.e.
Because of high injection level in base II, we have
where N I is the donor concentration in base I at the inner pn-junction (jct.2), n I (w I -0) e p is the effective hole concentration there (here p 0 2 is greater than the equilibrium concentration); and ψ 0 is the dimensionless value of equilibrium voltage across this np-junction.
As the result of an approximate solution of the drift diffusion equation in base I, we obtain: . In Eq. (7), j 1 is the current density through the emitter P+n-junction (jct.1). We assume that this junction either homojunction or heterojunction provides emission of the emitter majority carriers holes into base I. The current density through the inner pn-junction (jct.2) consists of two portions. The hole current density, j can be calculated only for specified distributions of both donors and lifetimes of holes in base I.
For uniformly doped base I where the drift term can be neglected, we have: 
where β I is the inverse diffusion length of holes in base I:
; D I is the coefficient of diffusion and τ I is the lifetime of holes in base I; z I = β I ⋅ w I is the dimensionless width of base I. We note that even for uniformly doped base I the concentrations p 0 1 and p 0 2 differ greatly because the latter is not a concentration of equilibrium holes.
Since we assume high injection level in base II, we can neglect the acceptor concentration in comparison with current carrier concentration and write the electron current in base II in the form:
where b = µ n /µ p , and µ n,p are the mobilities of electrons and holes in base II, and
are the diffusion coefficients of electrons and holes in base II, respectively. We assume that lifetime τ II in base II is constant. The continuity equation for electron current in base II has to be solved with the boundary conditions:
where n 0 2 and n 0 3 are the equilibrium concentrations in base II at junctions 2 and 3, respectively. These formulae are valid because low injection levels are considered in both base I and the N+-emitter. The expressions of current densities obtained from Eqs. (11), (12), (13) are written in the form:
where Here we apply one of the main assumptions of our consideration: the in-plane conductivity of base I is much greater than that of base II which depends on the electron concentration n(x). This fact allows us to neglect the gate current which branches off into base II. So we assume 
where B 0 and B 1 depend on e I ψ :
As a result, the current continuity equation in base I can be written in the form: 
III. Homogeneous solution
A homogeneous solution is valid when the gate current J g = 0, and all current densities through the pn-junctions are equal: j 1 = j 2 = j 3 = j. Actually, the same equalities are valid for an inhomogeneous stationary solution in the depth of the ON-region. Thus we can treat the homogenous solution as a boundary condition for an inhomogeneous solution at y → ∞. From the particular solution of Eq.(22) (R(ψ I = 0), we obtain: fig. 2 for the current range j/(j c r 2 ) << 1):
Comparing Eq.(27) with Eq. (7) we note that for j << j c r 2 , we can neglect the second term in Eq. (7). This means that this term ( 
However, the proportionality coefficient here is larger than for j << j 0 r 2 (see fig. 2 ). To increase the current density further, we have to increase U I (or e I ψ ) substantially because of a noticeable counteraction of the inner junction (jnc.2). Therefore we have to take into account the term, proportional to 
i.e. α I (1 + b) + α II -1 is not too close to 0. We stress that the multiplier (1 + b) beside α I which misses in the expression for low injection level in base II, corresponds to the transition into the ON-state due to the increasing of injection level in base II. For j >> j c r 2 we get: 
should be met (see Eq. (2)). Here n D is the donor concentration in base I at pn-junction 1. Let us discuss this condition for the simplest case of uniformly doped 
The value of the multiplier in the parentheses of Eq.(34) can differ from 1 mainly due to a large difference of τ I and τ II . The condition τ I << τ II can provide a regime of low injection level in base I up to high current density.
IV. Inhomogeneous stationary solution
Now we are interested in Eq.(22) with a non-zero gate current, J g , that squeezes the current-conducting region of a TLS. For 
where For j << j c r 2 , inequality (35) can be modified to: 
Inequalities (37) and (38) are not identical, but for most cases they differ only slightly. A detailed stationary solution for the distributions ψ I (y), j(y) for low injection level in both bases can be found in [1] . We emphasize, that eq.(36) differs from the analogous equation in [1] only by definitions of the parameters. From the solution of Eq. (36) we obtain that for infinite TLS there existsthe unique value of the gate current, J g0 , which provides steady-state position of the ON/OFF-layer for a given current density in the depth of the ON-region:
The current density can be presented as j = J a /(2a), where J a is the full current in the ON-region (in A/ cm) and 2a is an effective width of the ON-region (see fig. 1 
V. Stationary wave of switching
We assume here that inertia of the transient processes in TLS is determined mainly by the drift-diffusion and recombination phenomena in quasineutral bases I and II; therefore we can neglect the charging processes in pnjunctions which are much faster. Therefore we have to solve two equations of continuity. The first of them is for holes in base I:
The second of them is the analogous nonstationary equation for electrons in base II. Here as well as in discussed above stationary problem, we neglect (j p,n ) y in comparison with (j p,n ) x . Besides, we assume that the current density j changes slightly along y-axis over the lengths of the order of w I,II . To get the solution in the form of the stationary wave, we introduce new variables x, y / = y -vt instead of x, y, t; thus Eq.(41) is modified to
Equation (42) has to be solved with boundary conditions 
Then we can derive an expression, which is similar to Eq.(43), for distribution of electrons, n(x, y), in base II with high injection level in it, and calculate current densities:
As a result we can write down: . (54) Using Eqs. (44), (50) and (54), we derive the equation which is similar to eq.(36) but for nonstationary case:
Equation (55) 
and
We emphasize that Eq. (55) is derived under the several conditions. First, the velocity is small, i.e. we restrict our consideration by the linear on u terms. Second, the conditions Eq.(35) and j << l c r 2 are met (i.e. the strong inequalities (37) and (38) are satisfied). To solve eq. (50) we can exploit the theory for nonlinear stationary waves [17] .
The deviation of the gate current from its equilibrium value, δJ g = J g -J g0 , under the constant current density, j, results in the motion of the ON/OFF-junction. The velocity v is equal to To calculate the integral we use the dependence dξ/dy = = f(ξ) from the stationary solution:
where
Using Eqs. (58) and (59) we can write down the formula for the velocity of the ON/OFF-junction:
Where For small deviations of the gate current from the equilibrium value (δJ g = J g -J g0 (j)), Eq.(60) can be written in the form:
The values of τ and I 1 depend on geometry and material properties of both bases. The condition A > 0 which is equivalent to inequality (31), provides the existence of the ON-state with low voltage across the structure and three forward-biased pnjunctions. The analogous condition for low injection level in both bases [1] does not include the multiplier b + 1 beside α I . That is why this condition is met for wider range of α I,II for high injection level in base II than for low injection level there. For structures with n-doped base I, the inequality b > 1 (or even b >> 1 for numerous semiconductor materials) is satisfied. This means that condition (31) is met for quite long bases I and II. (For example, just condition α I > (1 + b) -1 should be met for α II = 0.) We have to note, however, that the longer base II is, the higher current density is required to get high injection level over all length of base II, and the transition into the ON-state occurs at quite high current density j. Besides, if the length of base II exceeds 3-4 diffusion lengths, the voltage across the base would become high enough to be taken into account with the voltages across pn-junctions. For uniformly doped bases
The dependencies f I (z I , z II ) and f II (z I , z II ) are depicted in fig. 3-6 . Each figure contains two branches of curves: solid lines show the dependencies for low injection level in base II; dotted lines show the dependencies for high injection level in base II for the same dimension lengths w II of base II. The inverse diffusion lengths for high and low injection levels in base II, It is worth noting the following features of the dependencies f I,II (z I,II ). The functions f I,II diverge with decreasing of w II up to 0 and decrease with increasing w II . For w II → ∞ for low injection level f II decreases exponentially and goes very close to 0 while for high injection level f II is saturated for large w II . Therefore the minimum possible value of f II is much higher for high injection level than for low injection level. With decreasing w I , the value of f I goes to 0 while the value of f II increases slightly. A decrease in the value of f II with increasing w I is probably caused by failure of the P + -emitter influence on base II.
VI. Discussion and Conclusion
In presented paper the problem of the switching wave in an asymmetric TLS with high injection level in ungated base II is discussed; the results are compared with analogous results for a TLS with low injection level in both bases [9] . The transition to the high injection level results in re-definition of the parameters and several restricting inequalities. The field of application of the presented approach extends greatly, because the regime of the TLS with high injection level in lightly doped ungated base II is the typical regime of operation for real 
